The impact of laser phase noise on the coherent subcarrier multiplexing system by Lee, Yang-han & [[alternative]]李揚漢
~ 
341 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL 9, NO 3, MARCH 1991 
The Impact of Laser Phase Noise on the Coherent 
Subcarrier Multiplexing System 
Yang-Han Lee, Jingshown Wu, Member, IEEE, and Ben-Wai Tsao, Member, IEEE 
Abstract-In coherent optical subcarrier multiplexing systems, the 
laser phase noise may cause signal spectrum broadening, and hence, 
deteriorates the system performance seriously. In this paper, we ana- 
lyze the influence of phase noise in terms of carrier to noise ratio, in- 
termodulation distortion, and adjacent channel crosstalk. The optimal 
modulation index and carrier to noise ratio are also presented. 
I. INTRODUCTION 
ECENTLY, multichannel transmission makes use of sub- R carrier multiplexing (SCM) techniques allowing multi- 
channels with one optical carrier, utilizing the wide bandwidth 
of single-mode fiber and electrooptic components, and taking 
advantage of commercially mature microwave electronics. The 
coherent subcarrier multiplexing (CSCM) system combines the 
multichannel aspects of the SCM and high receiver sensitivity 
of coherent detection [ 13.  For the coherent optical fiber com- 
munication, a major problem is the phase noise of laser sources. 
The phase-noise penalty has been analyzed in [2] for a multi- 
channel CPFSK coherent optical communication system in 
terms of sensitivity penalty by calculating the bit error rate. But 
such a system does not suffer from the intermodulation distor- 
tion (IMD) and the signal terms are not dependent on the phase 
modulation index 0. In a CSCM system, on the other hand, the 
influence of phase noise is more complicated and serious. How- 
ever, extreme narrow linewidth lasers and various phase-noise- 
cancellation schemes may alleviate the difficulties. For exam- 
ple, CSCM experiments [3]-[5] have been performed using nar- 
row linewidth Nd YAG lasers ( A v  = 10 KHz). With a proper 
phase-noise-cancellation circuit, a CSCM system has been 
demonstrated using commercially available DFB laser with large 
linewidth ( A  U = 50 MHz) [6]. Nevertheless, it is important to 
evaluate the impact of the phase noise on a CSCM system. In 
this paper, we analyze the performance degradation of the 
CSCM system caused by phase noise in terms of carrier-to-noise 
ratio (CNR) penalty and present some numerical results. 
11. ANALYSIS 
A.  System Description 
Consider a coherent optical SCM system consisting of N 
equispaced channels each with bandwidth B and spanning a to- 
tal bandwidth of W(Hz) as shown in Fig. l(a) and (b). Thus, 
the channel separation is Af = W / N .  In order to reduce the 
effects of the second-order intermodulation (IMD,), we locate 
the frequency of the i th channel ( i  = 1 ,  , N )  atfi = ( i  - 
1)Af + F,,,Af + Af/2, where F,,, is an integer and F,,,Af 
- 
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+ A f/2 denotes the center frequency of Channel 1. The offset 
frequency Af/2 is employed to cause the spectrum of IMD, to 
locate at the center of two adjacent channels. In such an ar- 
rangement, the IMD, degrades channel signal least. As for the 
third-order intermodulation ( IMD3), its spectrum locates at the 
center of each channel as shown in Fig. l(b). We can simplify 
the power spectra of the IMD, and IMD, as the convolution of 
the power spectrum of each channel and their magnitudes are 
determined by the signal level and the phase modulation index. 
The IMD,’s, which resulted from the convolution of Channels 
i and j ,  center at ( j  - i ) A f  and ( j  + i ) A f ( i ,  j = I ,  * . , 
N ,  and i # j ) with their bandwidths expanding to 2 B as shown 
in Fig. 2(a). The IMD3’s with their bandwidth expanding to 3B, 
as shown in Fig. 2(b), are obtained from the spectra of Chan- 
n e l s i , j , a n d k , a n d c e n t e r a t f i f ( k - j ) A f , h , ( k - i ) A f ,  
and& & ( j  - i ) A f ( i ,  j ,  k = 1,  . . * , Nand  i # j # k) ,  
respectively. Note that other IMD,’s, such as i = j # k, are 
relatively small and not considered here [7]. 
B. Number of Intermodulation Distortions 
Considering the case Fmin + 1 5 N 5 2Fmi,, the number of 
IMD, falling between channel k - 1 and k, P,(k) (shown in 
Fig. 3(a) and (b)) is given by [8] 
(N + 1 - Fmin - k, 
for 1 4 k 5 N - Fmi, 
P,(k) = I 0 forN - Fmin + 1 5 k 5 Fmin + 1 
( for Fmin + 2 5 k 5 N 
( 1 )  
where [x] in (1) denotes the largest integer not greater than x. 
From (I) ,  we find that there is a central region in which IMD, 
does not exist. Out of the central region, each channel is con- 
taminated by two groups of IMD, (indicated in Fig. 3(a)); but 
Channels N - Fmin and Fmin + 1 are contaminated by only one 
group of IMD, (indicated in Fig. 3(b)). The number of IMD, 
falling in Channel k, P, (k),  is given by [9] (shown in Fig. 3(c)) 
P3(k) = k(N - k + 1)/2 + ( (N  - 3)’ - 5)/4. ( 2 )  
C. Carrier to Noise Ratio 
system with phase modulation (PM) is given by [3]-[51 
The carrier to noise ratio (CNR) of a coherent optical SCM 
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Fig. 1 .  (a) The system block diagram of CSCM. (b) The power spectrum at the output of low noise amplifier for the multichannel CSCM system. 
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---i?k f k  AAA 
(b) 
Fig. 2. The power spectrum of the second- and third-order IMD. 
+ A f  + 
(C) 
Fig. 3 .  (a) and (b) The channels contaminated by two and one groups of IMD,, respectively. (c) The channel contaminated by one group of IMD3. 
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where R is the photodiode responsivity, PLO and P ,  are the pow- 
ers of the local oscillator and the received signal, and /3 is the 
phase modulation index. The terms Jo(  0) and J ,  ( 0) represent 
the zero- and first-order Bessel functions. & U; ,  &, and & 
stand for the variances of the shot noise, thermal noise, the sec- 
ond- and the third-order IMD. And we consider the crosstalk 
from adjacent channel as noise with variance kCTuiT and the 
crosstalk noise constant k,, of Channels from 2 to N - 1 is 2 
(resulting from two neighborhood channels), but kcT of Chan- 
nels 1 and N is 1 (resulting from Channels 2 and N - 2 ,  re- 
spectively). It can be shown that the variances of IMD’s 
(channel dependent) are given by (using approximation J ,  ( 0) 
= 0 / 2  and Jo(  0) = 1 for small 0) 
( otherwise 
= Ar3P3(k)P6/16 
where A = 0.5R2PLoPS. 
And the sum of variances of the shot and 
= u:h + g i  
(5)  
thermal noises is 
= ( 2 q W o  + (NF)kT/+IF (6)  
where q is the electronic charge, NF is the noise figure of the 
low noise amplifier (LNA), k is the Boltzmann’s constant, T is 
the absolute temperature, and r is the input resistance of the 
amplifier and B,, is the bandwidth of IF filter. 
The crosstalk from an adjacent channel can be expressed as 
U& = r C T A P 2  (7)  
where the factor r C T  is the fraction of the signal power of a 
single adjacent channel within the passband of the BPF. 
In (4) and (5), r2 and r3, related to the power spectra of the 
second- and third-order IMD in the neighborhood of the signal 
channel band, are the fractions of the powers within the pass- 
band of the bandpass filter [ 11, [ 2 ] .  The values of I’2 and r3 (see 
Appendix A) can be evaluated as 
In deriving ( 8 )  and (9),  we have ignored the phase noise. For 
A f  2 3B, r2 is equal to zero. It means that a CSCM system 
with the ratio of channel bandwidth over channel spacing less 
than 33.3% can render all the channels free from IMD, contam- 
ination. From ( l ) ,  ( 2 ) ,  and (4), we may obtain the number of 
the IMD for Channels 1 and N / 2  as follows 
CASE(A): 2Fm,, > N > Fmin 
IIz(1) = Pz(1) + PZ(2)  = 2 N  - 2Fmin - 1 ( 10) 
(11)  113(1) = P,(1) = N / 2  + ( ( N  - 3 f  - 5)/4 
I 1 2 ( N / 2 )  = 0 ( 1 2 )  
( 1 3 )  
(14) 
I 1 3 ( N / 2 )  = P 3 ( N / 2 )  = N ( N  + 2 ) / 8  + ( ( N  - 3)’ - 5) /4  
CASE(B): N 5 Fmin 
I I 2 (  1) = I I , ( N / 2 )  = 0 
113( 1)  and I 1 3 ( N / 2 )  are the same as (11) and (13), respec- 
tively. 112 ( 1 ) and 112 ( N / 2 )  represent the number of IMD,’s 
contaminating Channels 1 and N / 2 ,  respectively; 113 ( 1 ) and 
113 ( N / 2 )  denote the numbers of IMD3’s contaminating Chan- 
nels 1 and N / 2 ,  respectively. 
D. The Impact of Phase Noise 
The power spectrum of signal contaminated by the phase 
noise can be expressed as convolution of the power spectra of 
signal and phase noises [ 2 ] .  Due to the phase noise, the signal 
spectrum is broadened and can be expressed as, 
S ( f )  = s N F ” ( f )  * G P N ( f )  
2 d x  
= T A U (  1 + ( 2 x / A u f )  
where 
1, 
0, otherwise 
forfk - B / 2  ~f sfk + B / 2  
(16) SNPN ( f )  = 
and 
9 
, 0 < f < to. (17) 
G p N ( f )  = T A U (  1 + ;2 f / A v > ’ )  
In (15), “*” denotes convolution, and S (  f ) ,  SNpN( f ) ,  and 
G p N  ( f )  represent the power spectra of the signal contaminated 
by phase noise, the kth Channel signal (center frequency = fk) 
without phase noise, and the phase noise (Lorentzian line- 
shape), respectively. The power spectrum density of signal with 
phase noise is shown in Fig. 4 in terms of normalized laser 
linewidth. Because of spectrum broadening, the bandwidth of 
the bandpass filter B,, must be increased to avoid signal distor- 
tion caused by the filter (see Fig. 5). We can find the IF band- 
width required to accomodate 95% of signal power in the 
presence phase noise as B,, ( 95% ) . The value of B,, ( 95 % ) depends 
on A V  as shown in Fig. 6. 
r 2 p N  and r 3 p N  (see Appendix B), related to the power spectra 
of the second- and third-order IMD’s in the neighborhood of 
the signal channel band, are the fractions of their powers within 
the passband of the IF filter taking into consideration the phase 
noise. They can be expressed as 
= 2 / 3  + (z’ - 1)/48 + 3 ( 2  - z2)/16 + 9 
* (Z - 1)/16 (18) 
350 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 9, NO. 3, MARCH 1991 
n 
a 
U 
- 
m E 
0 z 
I 
0.8 ~ lli /’ 
0.6 Y 
0.4 
0.2 
0- 
-2 -1.5 - I  -0 .5 
0.35 - 
0.3 ~ 
0.25 - 
0.2 - 
0.1 - 
01 I 
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 
nomarlized frequency (f-fk)/B normalized laser linewidth (Ad/B) 
Fig. 4. Normalized power spectrum density (PSD) of signal contaminated 
by the phase noise for A v / B  = 0, 0.01, 0.05, 0.1, and 0.2. 
Fig. 7. The value of r2PN versus normalized laser linewidth ( A v / B )  in  
the range of 0.03 to 0.1 for A f / B  = 2, 2.5. 
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Fig. 8 .  The value of r3PN versus normalized laser linewidth ( A v / B )  in 
the range of 0.03 to 0.1. Fig. 5. Power ratio of signal within bandpass filter to total signal versus 
normalized bandwidth B , , / B  for A v / B  = 0.02, 0.05, 0.1, and 0.2. 
$! 1.1 :i = 1  2 
0 0 3  0 0 4  0 0 5  0 0 6  0 0 7  0 0 8  0 0 9  0 1  
normalized laser linewidth 
Fig. 6. The IF bandwidth accommodating 95% of signal power versus 
normalized laser linewidth ( A  v / B )  in the range of 0.03 to 0.1. 
with 
In (18) and (19), rIPN and I‘3PN are seen to be functions of 
A V  as shown in Figs. 7 and 8, respectively. 
The crosstalk from adjacent channels due to phase noise can 
be calculated as follows. First, we obtain the corresponding 
value of B I F ( 9 5 % ) / B  (for given A v / B ) .  Second, after choosing 
a A f / B  to specify the location of adjacent channels, we can 
obtain the value of rCTpN as a function of phase noise. There- 
after, the value of IICTPN, related to the tail of the power spec- 
trum of adjacent channel due to the phase noise, is the fraction 
of the power within the passband of the BPF which is shown in 
Fig. 9 as a function of A V  for a given A f / B .  
E .  Optimum Phase Modulation Index 
The CNR can be calculated from (3) by using the first-order 
approximations of J,( p )  and J ,  ( p ) .  Assuming ail channels 
with the same modulation index, the CNR and the optimal mod- 
ulation index that maximizes the CNR of a certain selected 
channel can be expressed as [l] 
CNR 
LEE et al.: IMPACT OF LASER PHASE NOISE ON THE COHERENT SUBCARRIER MULTIPLEXING SYSTEM 
~ 
35 I 
10-3 
8 ,  
normalized laser linewidth (%)  
Fig. 9. The value of rCTPN versus normalized laser linewidth ( A  v / B )  in 
the range of 0.03 to 0.1 for A f / B  = 2, 2.5, and 3.5. 
and 
where 112 and II, are the number of IMD’s contaminating the 
corresponding channel and we have used the definition of A = 
0.5R2PLoPS in (20b). From (20b), we may obtain the optimum 
phase modulation index as [lo] 
Popt = 
s l  = 
a2 = 
r =  
9 =  
For case (B), there is no 2nd IMD, we can simplify (21a) as 
(21b) 
1 / 6  
Popt = ( 1 6 d / ( P L o P s ~ . r ~ P N ) )  . 
Using (21), we can calculate the optimal phase modulation 
index as a function of A V  for given U;, PLO, and Ps. Eliminat- 
ing a:/A in (20a) by using the relationship of (20b), we may 
obtain the optimal CNR in terms of Popt as 
1 
(CNR)opt = n2r2PNP&/2 + 3n3r3PNP:pt/16 + k T r C T P N  
(22) 
F. The CNR Penalty Due to Phase Noise 
We define the penalty of CNR due to phase noise as 
From (23), we can obtain the penalty as 
n2 r2PNP?pt/2 + 3n3 r3PN P:pt/ l6  + k T r C T P N  Penalty = 
I12r2P~pt(Au = 0)/2 + 31131’3P:pt(A~ = 0)/16 
(24) 
where Pop,(A U = 0) represents for the optimal PM index with- 
out considering phase noise and it can be obtain from (21) by 
replacing r Z p N  and r3PN with r2 and r3. In deriving (24), we 
have assumed that the adjacent channel crosstalk is mainly due 
to phase noise; so rCTpN is negligible for the system without 
phase noise [ 11. 
111. NUMERICAL RESULTS AND DISCUSSION 
A. System Parameters 
Now we consider system with: 35-channel ( N  = 35), chan- 
nel spacing 200 MHz ( A  f = 200 MHz), total bandwidth 7 GHz 
( W  = 7 GHz) and single-channel bandwidth 100 MHz ( B  = 
100 MHz), hence the normalized channel spacing is 2 (A f / B  
= 2).  In CASE(A) the frequency band is selected to be 4-1 1 
GHz ( Fmin = 20, including C band and X [ 111 ), which satisfies 
2 Fmin > N > Fmin. In CASE(B) the frequency band is selected 
to be 7-14 GHz (Fmin = 35) which satisfies N I Fmin. We now 
show the numerical results of these two systems. 
B. CASE(A): f j  = 4 . 1 , h  = 4.3, . . . , f N  = 4.1 + 0.2(N - 
1)  GHz ( N  = 35 and F,,, = 20) 
From (1) and (2), we may obtain the number of IMD’s for 
the kth channel as shown in Fig. lO(a) and (b). Channel 1 is 
contaminated by IMD, most and Channel N/2 suffers least from 
IMD, as shown in Fig. 10(a); but Channel N/2 is contaminated 
by IMD, most and Channels 1 and N suffer least from IMD, as 
shown in Fig. 10(b). 
From (21), we can obtain Popt for Channels 1 and N/2 versus 
laser linewidth with P, = -35, -30, and -25 [ dBm] as shown 
in Fig. l l(a).  Pop, increases as the received signal power P, 
decreases; Popt of Channel 1, which increases as A v decreases, 
is lower than that of Channel N/2, which increases as A V  in- 
creases. From Fig. l l (a)  and (23), we can obtain the corre- 
sponding optimal CNR as shown in Fig. l l(b).  (CNR)opt 
increases as Ps increases and A v decreases; the ( CNR)opt of 
Channel 1 is lower than that of Channel N/2. From (24), we 
can obtain the CNR penalties of Channels 1 and N/2 versus 
laser linewidth as shown in Fig. l l(c).  The penalties decrease 
as Ps and A V  decrease. Channel N/2 has more penalty than 
Channel 1. 
EXAMPLE-SYSTEM DESIGN FOR CASE(A): Assume that 
the laser linewidth is 5 MHz and the CNR of the worst channels 
(around Channel 1 ) must be larger than 17 dB. Now we may 
obtain the required power P, such that the (CNR),,, of Channel 
1 is equal to 17 dB from Fig. l l(b) and substitute this power 
PsysTEM into (21) to get the POpt of Channel 1, PSYSTEM. Note 
that PSYSTEM is only optimal for Channel 1 and is not the opti- 
mal PM index for other Channels. However, we guarantee that 
the CNR of each Channel is no less than 17 dB under this con- 
dition as shown in Fig. 12. The CNR of Channels 1 and N are 
better than their adjacent Channels 2 and N - 1 because kCT of 
Channels 1 and N is 1 and kcT of others is 2. The CNR of 
Channels at the central region (Ch. 16-20) are approximately 
equal since they have no IMD, and with roughly equal IMD,’s. 
C. C A S E ( B ) : f , = 7 . 1 , f , = 7 . 3 ; . * , f N = 7 . 1  + 0 . 2 ( N -  
1 )  GHz ( N  = 35 and Fmin = 35) 
As discussed in Section 11-C, there are no IMD,’s in 
CASE(B) and the number of IMD, is the same in Fig. 10(b). 
From (21b), we can obtain the corresponding Popt versus laser 
linewidth for P, = -35, -30, and -25 [dBm] as shown in 
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Fig. 10. (a) Number of interfering two-frequency second-order intermod- 
ulation (IMD2) terms within a given channel, plotted against channel po- 
sition for N = 35 with F,,, = 20. (b) Number of interfering three-fre- 
quency third-order intermodulation (IMD,) terms within a given channel, 
plotted against channel position for N = 35. 
Fig. 13(a). Pop, increases as A v increases and P, decreases; Pop, 
of Channel 1 is always larger than that of Channel N / 2 .  From 
Fig. 13(a) and (22 ) ,  we can obtain the corresponding optimal 
CNR as shown in Fig. 13(b). (CNR)op, increases as P, in- 
creases and A v decreases; the (CNR),,, of Channel 1 is larger 
than that of Channel N / 2 .  From (24 ) ,  we can obtain the CNR 
penalties of Channels 1 and N / 2  versus laser linewidth as shown 
in Fig. 13(c). The penalties decrease as P,  and A V  decrease; 
Channel N / 2  always has more penalty than Channel 1. 
EXAMPLE-SYSTEM DESIGN FOR CASE(B): Assume the 
given laser linewidth and CNR of the worst channel are the 
same as specified in the previous example ( A V  = 5 MHz and 
CNR = 17 dB). Now we may obtain the required power P, by 
setting (CNR),,, of Channel N / 2  to be 17 dB from Fig. 13(b) 
and substitute this power PSYSTEM into (21 )  to get the Po,, of 
Channel N / 2 .  This optimal PM index, P S Y S T E M ,  is only optimal 
for Channel N / 2  and is not for others. However, the CNR of 
all channels are larger than 17 dB as shown in Fig. 14. The 
CNR of Channels 1 and N are better than their adjacent Chan- 
nels 2 and N - 1, because k,, of Channels 1 and N is 1 and 
kcT of other Channels is 2. 
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(c) 
Fig. 11. (a)-(c) Optimal PM index, received power and CNR penalty, re- 
spectively, versus laser linewidth. The values of p,,,, ps, and Penalty ver- 
sus A v / B  for the first channel ( k  = 1; solid line) and the center channel 
( k  = N / 2 ;  dotted line). System parameters are given as in CASE(A). 
IV. CONCLUSION 
We have analyzed the impact of phase noise on the CSCM 
system. Due to the phase noise, the signal spectrum is broadened 
so that we need to widen the bandwidth of the IF bandpass filter 
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Fig. 12. The CNR versus numerical channel position for design example: 
AV = 5 MHz and CNR = 17 dB, other parameters are given as in 
CASE(A). The PSYSTEM and PSYSTEM are -26 dBm and 0.071, respec- 
tively. 
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Fig. 13. (a)-(c) Optimal PM index, received power, and CNR penalty, 
respectively, versus laser linewidth. The values of p,,,,, P,, and Penalty 
versus A v / B  for the first channel ( k  = 1 ;  solid line) and the center channel 
( k  = N / 2 ;  dotted line). System parameters are given as in CASE(B). 
to avoid signal distortion caused by the filter. In this paper, we 
take the bandwidth for 95 % of signal power to be passed through 
the filter as a criterion for &. Because of signal spectrum 
broadening and filter bandwidth widening, the system suffers 
from more shot noise, thermal noise, IMD, and adjacent cross- 
talk. In contrast, for the case of single subcarrier channel sys- 
n -  
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Fig. 14. CNR versus numerical channel position for design example: A v 
= 5 MHz and CNR = 17 dB, other parameters are given as in CASE(B). 
The PSYSTEM and PSYSTEM are -30.75 dBm and 0,1202, respectively. 
Fig. 15. The incremental value of r2PN(A2)  due to phase noise 
APPENDIX B 
We assume that the power spectra Of IMD29 and IMD3 are 
not influenced by the phase noise significantly. The system per- 
fCXmance degradation due to the IMD2 and IMD3 caused by the 
phase noise comes mainly from the enlarging bandpass filter 
bandwidth so that more IMDz and IMD3> shot and 
noises will pass the IF filter. In such a case, the values Of the 
power ratio r2 and r3 are determined by B,,(,,,,. As shown in 
Fig. 6, the value of B1F(95,, increases as the phase noise in- 
tem (no crosstalk and IMD), the CNR penalty is mainly due to 
shot and and 
other noise terms are zero in such system) and the worst CNR 
penalty at A u/B = 0.1 is only 1.85 dB for a normalized BIF(95,) 
of 1.53 as shown in Fig. 6. Finally, the degradation of optimal 
CNR presented in this paper may be a useful guideline for 
CSCM system design. 
noises (he  noise term in (20~)  is only 
APPENDIX A 
The value of r2 which is defined as the ratio of IMD, power 
located within the signal band to its total power can be written 
as 111 
!+m -  &(f) * S j ( j )  ) H B P ( f ) 1 2 d !  
S + m s i ( f )  -m * s j ( f ) d f  
r2 = . ('41) 
For the case of an ideal rectangular signal spectrum, we can 
obtain the r2 as 
creases; hence I?, and r3 increase as the phase noise (or A U) 
increases. 
The value of rZPN (the ratio of IMD, power located within 
the signal band to its total power in the presence of the phase 
noise) can be expressed as 
r2PN = (3 - Af/BIF(9 .5%))2 /8  031) 
where the derivation of (BI) is the same as that of (Al) in Ap- 
pendix A, but with B replaced by B I F ( 9 5 % ) .  We express the in- 
cremental value of r2PN, A,, as 
A2 = ( 3  - A f / B I F ( 9 5 % ) f / 8  - ( 3  - A f / B f / 8 .  (B2) 
The value of I'3PN (the ratio of IMD, power within the signal 
band to its total power taking into consideration the phase noise) 
can be derived as 
r 3 p N  = 2/3 -k A3 (B3) The value of r3 which is defined as the ratio of IMD3 power 
within the signal band to its total power can be expressed as [ I ]  
where A3 is the incremental value of I'3PN due to the broadening 
of B,, and can be expressed as 
- B / 2  
+m 1 -m &(f) * q(f )  * s k ( f )  l H B P ( f ) ( Z d f  
r3 = . (A3) S 1/2(x + 3 B / 2 f  dr 
-BIF(95% ) / 2  
B3 --m A3 = 
Similarly for the case of an ideal rectangular signal spectrum, 
we can obtain the value of r3 as = (z3 - 1)/48 + 3(1 - z2)/16 + 9 ( ~  - 1)/16 
r3 = 2/3. with (A4) 
z = -  BIF(95%) 
B '  In (Al) and (A3), Si (f), Sj (f), and S,( f )  represent the signal 
spectra of the ith, j t h ,  and kth Channels, respectively; HBp( f )  
is the transfer function of the bandpass filter and "*" denotes 
convolution. 
The values of A2 and A3 are shown in Figs. 15 and 16 and 
they increase as the phase noise increases. 
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Fig. 16. The incremental value of rspN (A,)  due to phase noise. 
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